Introduction
The crawling movements of metazoan cells result from coordinated and polarised changes in cell shape, orchestrated via a continuous remodelling of the actin cytoskeleton. The signalling pathways that lead to remodelling involve the rho-family of small GTPases [27, 52, 56, 70, 72] whose individual members induce the expression of di¡erent actin ¢lament subcompartments, generally categorised as lamellipodia, ¢lopodia, stress ¢bres and arcs ( [32, 61] ; Fig. 1 ). Depending on the cell type and conditions, the relative expression of these di¡erent actin ¢lament assemblies 0167-4889 / 98 / $^see front matter ß 1998 Elsevier Science B.V. All rights reserved. PII: S 0 1 6 7 -4 8 8 9 ( 9 8 ) 0 0 0 8 0 -9 is highly variable and leads to corresponding di¡er-ences in cell form and motility. In this short review we present some ideas and observations about the generation of the actin cytoskeleton and the alternative strategies that some selected cells adopt to spread and move over a substrate.
We will begin by considering the ¢broblast since this cell type is rich in di¡erent actin assemblies (Fig.  1 ). Attention will then be turned to a fast moving cell type, the ¢sh keratocyte, and then to the tethered neuronal growth cone. Two underlying hypotheses on which we will elaborate are, ¢rst, that the ¢la-ments of the di¡erent subcompartments of the actin cytoskeleton all ¢nd their origin in lamellipodia, and second, that the form of the cytoskeleton is largely determined by the pattern of substrate contacts initiated by this actin rich, protrusive organelle. The way that microtubules may interface with the contact forming machinery and thereby modulate the assembly of the actin cytoskeleton will also be discussed.
The ¢broblast

Lamellipodia as ¢lament factories
When £uorescently conjugated G-actin is microinjected into ¢broblasts, it ¢rst becomes incorporated within a few minutes in the peripheral lamellipodia [23, 40, 48] . Shortly afterwards, it appears in focal contacts close to the cell front and then, much later, along the stress ¢bre bundles and in the arc-shaped actin arrays observed on the dorsal cell surface [23, 32, 40, 81] . The incorporation of actin in lamellipodia is intimately linked with the protrusion of these membrane veils, whose upfolding motions give rise to`ru¥es' [1] . Di¡erent lines of evidence have established that actin monomers are incorporated in the membrane bordering the front of the lamellipodium [21, 54, 71, 82] . At this leading boundary, actin ¢laments are nucleated with their fast growing, plus ends oriented outwards [63, 65, 69] and monomers £ux through the ¢laments from front to rear, as in a treadmill [82] . We propose that ¢la-ments generated here are directly used in the formation of other actin structures or at least seed their assembly.
To illustrate this idea, it is useful to consider how a cell spreads, since in this process the di¡erent actin arrays are ¢rst formed. Fig. 2 is a schematic illustration of an idealised spreading cell in which the actin cytoskeleton is highlighted. Spreading is mediated by predominantly the Rac-dependent outward growth of lamellipodia (for the general morphology of spreading ¢broblastic cells see [78] ). Depending on the cell type or the substrate conditions, the lamelli- Fig. 1 . Schematic illustration of di¡erent actin ¢lament`subcompartments' in the actin cytoskeleton of a spread ¢broblast. LAM, lamellipodium; MS, microspike; FIL, ¢lopodium; P.B., peripheral bundle; P.B.L., peripheral bundle with lamellipodium; v.S.F., ventral stress ¢bre; d.S.F., dorsal stress ¢bre; ARC, arc; N, nucleus.
podium itself may consist of a homogeneous actin ¢lament network, or one that is adorned with variable numbers of radially arranged actin bundles (see e.g. [2, 28] ). If these bundles extend signi¢cantly beyond the edge of the lamellipodium they are generally referred to as`¢lopodia' and, when only marginally, as`microspikes'. We have previously proposed [64] that these bundles form by the convergence of actin ¢laments in the lamellipodium meshwork (Fig.  3) , mediated by a lateral ¢lament £ow [62] and the engagement of actin bundling proteins, such as fascin [2, 50] ; the pathway signalling their induction involves Cdc42 [39, 53] .
Ventral stress ¢bre assembly
Now let us consider how the meshworks and ¢la-ment bundles of the lamellipodium could give rise to the other components of the actin cytoskeleton, starting with the stress ¢bre bundles on the ventral cell surface. In a spreading ¢broblast, the ventral stress ¢bres commonly extend from an anchorage site, a focal adhesion [11] , close to the cell edge, to one with a perinuclear location. Stress ¢bre assembly involves two major steps: (1) the establishment of focal adhesion sites and (2) the recruitment of actin and associated proteins into a contractile bundle between them. These processes are initiated via the Rho signalling pathway [27] .
Izzard and Lochner [36] showed for ¢broblasts that new focal adhesions are formed within and at the base of the lamellipodium. The sites where these contacts are established are also marked by localised ru¥ing activity, associated with upfolding of the lamellipodium or with small focalised increases in phase density (mini-ru¥es [57] ). At least some of these sites are occupied temporarily by microspike bundles [17] , which appear in these cases to play a role in the initiation of stress ¢bre formation (Fig. 2) . A stub of actin ¢laments formed via a microspike is no doubt a favourable template for stress ¢bre assembly; however, localised bundling of actin ¢la-ments at nascent contact sites within the lamellipodium would also su¤ce. The point to be made here is simply that by one route or another ¢laments produced in the lamellipodium undergo localised bundling and that such precursor bundles serve to nucleate stress ¢bre assembly.
How the other end of a ventral stress ¢bre may form is at ¢rst less obvious. Heath and Dunn [30] have suggested that a centrally situated anchorage site may be provided by a perinuclear network of actin ¢laments. But this would not explain how stress ¢bres in spreading cells commonly traverse beneath the nucleus, or how the perinuclear end would be anchored to the substrate. We propose that the anchorage sites in the inner regions of the cell are produced in lamellipodia, just as above, but during the early stages of spreading. At this time, short stress ¢bres (less than 10 Wm long) can be found that span beneath the cell body (unpublished observations). It is reasonable to assume that these ¢bres form between two nascent adhesion sites established in lamellipodia on opposite sides of the freshly attached cell. In view of the relatively small separation involved, ¢laments polymerised from one adhesion site could be long enough to overlap with those from the other site so as to initiate the assembly of a bundle between them (Fig. 2) .
Two recent ¢ndings may be called upon to explain bundle formation. First, it has recently been shown that actomyosin-based contractility is involved in the formation and maintenance of stress ¢bre bundles [12] . And second, myosin assemblies appear at a very early stage of stress ¢bre formation and may act to recruit actin ¢laments into them [80] . Since the polarity of actin ¢laments changes from unipolar in the focal adhesion to mixed polar along the stress ¢bre [5, 15, 59] it has been argued [81] that already formed actin ¢laments are added to stress ¢bres during assembly, rather than simply arising through elongation from the contact site. This would be consistent with the slow incorporation of microinjected G-actin into stress ¢bres [81] . In the present scheme we surmise that free actin ¢laments are severed from the base of the lamellipodium and that these ¢la-ments contribute to a cytoplasmic pool that is recruited for stress ¢bre assembly. The idea that recruitment via myosin may facilitate the polarity sorting and registration of actin ¢laments in the stress ¢bres [80] is in this regard an attractive possibility.
Returning to the problem above, how are longer stress ¢bres generated during spreading? This could occur in a stepwise fashion as illustrated in Fig. 2 . As the lamellipodium extends the cell border outwards, Fig. 2 . Schematic diagram of an idealised ¢broblast actin cytoskeleton illustrating the proposed origin of the di¡erent actin subcompartments. The lamellipodium (LAM) is the primary site of actin polymerisation. Lateral £ow of ¢laments in the lamellipodium can give rise to microspikes (MS), which can extend to form ¢lopodia (FIL). The lamellipodium ¢laments can lay down their distal portions at the base of the lamellipodium to form convex arcs or straight or concave peripheral bundles (P.B.), both in collaboration with myosin. Filaments from the lamellipodium may also extend deeper into the cytoplasm and become cleaved to contribute to a cytoplasmic pool of single ¢laments. Focal contacts in association with ventral or dorsal stress ¢bres (v.S.F. and d.S.F.) develop from precursor contacts (a,b) formed in the lamellipodium. For these sites to develop, actin ¢laments must be recruited into bundles (b,c) and the bundles dissociated from the advancing lamellipodium (d). This would go hand in hand with stress ¢bre formation. How a stress ¢bre may initially form and elongate is shown by steps 1, 2 and 3. Two focal contacts (1 and 2) are formed at the base of lamellipodia at an initial stage of spreading (not shown). These extend actin ¢laments to overlap, and via the recruitment of myosin and the activation of contractility a primary bundle is formed. As the cell spreads, the contact at`1' remains intact but the contact at 2' is overlapped by ¢laments from a new, more peripheral contact (3). Filaments from this new contact, with the aid of myosin recruitment, fuse with the bundle 1, 2 and the contact at 2 eventually dissociates, allowing the stress ¢bre to elongate. Dorsal stress ¢-bres (d.S.F.) extend between a contact at the base of the lamellipodium and an arc (ARC). They are envisaged to arise via the myosin aided recruitment of ¢laments from the arc and the cytoplasmic ¢lament pool. The three small G-proteins Rho, Rac and Cdc42 are placed so as to indicate which actin subcompartments they induce. m, myosin; act, actin; f. complex, focal complex; f. contact, focal contact. For further details, see text.
new substrate contact sites are formed. If the actin array emanating from one of these new sites extends over an older, more central adhesion it could, for example in collaboration with myosin, fuse with the end of the stress ¢bre associated with this adhesion site (Fig. 2) . Longitudinal and o¡-axis fusion of stress ¢bres has actually been documented in living cells [81] . If more tension is now generated with the new contact than with the old, the latter may dissociate and thus allow fusion and elongation of the bundle (Fig. 2) . Note that the other end of the stress ¢bre in this example is the original adhesion formed at the onset of spreading; it is assumed that this focal adhesion on the opposite side of the cell was not overlapped and replaced by a more peripheral contact assembly with its associated ¢laments.
Arcs and dorsal stress ¢bres
Convex, arc-shaped arrays of actin ¢laments can be observed on the dorsal surface of spreading and migrating cells [29, 67, 81] . These arcs are not anchored at focal adhesions but are contractile and have been shown to drive the centripetal £ow of cortical receptors [32] . Arcs form at the base of convex lamellipodia [32] and must have a mixed polarity of actin ¢laments to be contractile. We propose that the actin ¢laments of the arcs derive from a shedding of the trailing ends of ¢laments formed in lamellipodia (Fig. 2) .
Using arguments based on the diagonal geometry of the actin meshworks of lamellipodia [60] and the established treadmilling of actin ¢laments within them [81] , we have suggested that the actin ¢laments can £ow laterally, the rate of lateral £ow relative to the substrate being inversely related to the rate of protrusion [62] . Support for this idea comes from the observed lateral translation of microspikes in slowly advancing or stationary ¢broblast lamellipodia [17, 20, 66] . Thus, delivery of ¢laments of mixed polarity into the arcs would not be from static ¢la-ments, but from ¢laments sweeping in both directions along the lamellipodium and laying down their trailing ends parallel to its base. Breakage or cleavage of these ¢laments from the lamellipodium would release the sheath of ¢laments so formed and allow its rearward £ow, driven by acto-myosin interactions (ARC, Fig. 2 ).
In an interesting treatment of actin cytoskeleton organisation, Heath and Holi¢eld [32] have shown that the assembly of stress ¢bres on the dorsal cell surface goes hand in hand with the formation of the arcs. More speci¢cally, stress ¢bres were shown to grow between the base of the lamellipodium and an arc as it moved dorsally towards the perinuclear region. How this process may take place is also illustrated in Fig. 2 . The contact site at the base of the lamellipodium is generated as for ventral stress ¢-bres, via bundling of lamellipodia ¢laments. Filaments from the arc become recruited to this site, again utilising myosin assemblies [80] , and are then continuously fed into the ¢bre from the arc as it retracts centripetally. Filaments from the cytoplasmic pool may be required to a small or large extent to complement those from the arc. In this way, arrays of ¢laments with the desired mixed polarity would be delivered into the dorsal stress ¢bre (d.S.F., Fig. 2 ).
Concave cell edges
The non-motile edges of non-con£uent cells are characteristically delineated by a concave bundle of actin ¢laments (P.B., Fig. 2 ) that contains the same components as stress ¢bres. The ends of these bundles are anchored into peripheral focal adhesions. It is common for the same concave bundles to mark the base of straight or concave lamellipodia (e.g. [32] ; Fig. 2 ). We suppose that these concave bundles form in much the same way as arcs, by the recruitment of ¢laments from a lamellipodium. The transition from a concave bundle with an associated lamellipodium to one without a lamellipodium is apparently accompanied by changes in adhesion to the substrate. When a lamellipodium is present, the concave bundle is anchored to the substrate via punctate focal complexes [53] ; Rottner and Small, unpublished; Fig. 2 ). When a lamellipodium is absent, the concave bundles are anchored only at their ends, through focal adhesions.
The keratocyte
Generating and recycling an actin cytoskeleton
The idea that the lamellipodium can generate the ¢laments required to form an actin cytoskeleton functional in cell shape determination and motility is well illustrated by the example of the ¢sh keratocyte. This cell type is the fastest of cells that use actin to move and it manages this feat using an actin cytoskeleton noted for its simplicity [19, 31, 65, 69] . The advancing cell front is marked by a crescent-shaped lamellipodium composed of a diagonal meshwork of actin ¢laments, devoid of ¢lopodia, that dominates the cell form. Straddled transversely behind the lamellipodium is the cell body, whose spindle shape is maintained by lateral tension [3, 41] exerted across it by contractile bundles of actin ¢laments [3] . Theriot and Mitchison [75] showed that the actin ¢laments of the keratocyte lamellipodium do not slide relative to the substrate, so that the rate of protrusion of the lamellipodium re£ects directly the rate of actin polymerisation. If the ¢laments of the lamellipodium are stationary, the result of their diagonal arrangement is that their growing, anterior ends must translate laterally along the front edge of the lamellipodium as the cell moves forward ( [3] ; Fig. 4) . We have suggested that such a ¢lament £ow, in the framework of the cell, could contribute to the accumulation of ¢laments into the bundles at the lateral £anks of the lamellipodium, that extend beneath and around the cell body. Myosin accumulates in these bundles and, in combination with actin, is thought to provide the force required for cell body traction [3, 69] . The main point to be made here is that the assembly or initiation of these posterior bundles is readily explained by a recruitment of ¢laments from the lamellipodium by a process analogous to that already put forward for the formation of arcs and bundles at the base of lamellipodia in ¢broblasts.
The continuous delivery of ¢laments to the rear of the keratocyte must be balanced by a continuous disassembly, coupled with the return of actin monomers to the front. We have suggested that this recycling involves a breakdown of the ¢laments in the cell body after they have served in driving its translocation. A special feature of the keratocyte is that the cell body rolls behind the lamellipodium and this rolling motion may serve to translate ¢laments from the rear to the front of the cell body, where factors active in actin ¢lament disassembly [13] could convert them to monomers. Free actin monomers provided in this way would then complement those released from the disassembling minus ends of ¢laments in the body of the lamellipodium, thus supplementing the pool required to maintain lamellipodium protrusion (Fig. 4) .
The neuronal growth cone
Lamellipodia and ¢lopodia in partnership
The extension of a neurite (neurone or dendrite) from a neuronal cell relies on the motile activity of a so-called`growth cone' at its tip. Growth cones feature ¢lopodia and lamellipodia [42] , but in very variable proportions, depending on origin and conditions [25] . These protrusive outgrowths possess no stress ¢bre bundles, but the axonal process that joins them to the cell body bears a thin cortical sheath of actin ¢laments [10, 34, 55] that is associated with myosin [43] . The outgrowth of neurites is inhibited by dominant-negative mutants of Rac or Cdc42, but is stimulated by C3 transferase, which inhibits Rho [39, 76] . Focal contacts and stress ¢bres are thus not employed in neurite outgrowth.
Growth cone translocation in vitro involves the alternating or combined extension of ¢lopodia and lamellipodia [9, 24] . In this process, lamellipodium veils extend between neighbouring ¢lopodia or along single ¢lopodia. The advance of a growth cone over a substrate has been suggested to depend on the contractile activity of ¢lopodia [9, 33] ; however, neurite elongation also occurs in the absence of visible ¢lo-podia [25] and embryonic growth cones exhibiting ¢lopodia-free lamellipodia move twice as fast as postnatal ones that bear ¢lopodia [38] . Nevertheless, ¢lopodia are present on growth cones in vivo and while indispensable for protrusion are likely essential for axonal guidance [47, 68] .
In Aplysia growth cones anchored to the substrate with polylysine, there is a retrograde £ow of actin associated with polymerisation at the anterior edge [21] , as shown by Wang [82] for ¢broblasts. And the rate of actin retrograde £ow, relative to the substrate, is inversely proportional to the rate of growth cone advance [45] . This result supports the proposal [51] that the degree of slippage on the substrate, controlled by some kind of molecular clutch, determines the rate of productive forward movement. We have earlier suggested [62] that the retrograde £ow of actin ¢laments in a stationary lamellipodium is accompanied by their lateral £ow and that this contributes to the formation of microspikes and ¢lopodia. Consistent with this idea are the observations that the number of ¢lopodia increase as the rate of growth cone advance decreases [38] and that ¢lopodia (or microspikes) are particularly prevalent in growth cones immobilised on polylysine [21] . We therefore return Fig. 4 . Proposed model of actin ¢lament dynamics and cell movement in the keratocyte. Actin ¢laments are nucleated and polymerise at the front edge of the lamellipodium. Owing to their diagonal orientation, ¢lament growth leads to their displacement laterally as the cell moves (dotted lines), giving rise to a ¢lament £ow towards the lateral £anks of the lamellipodium. Filaments that reach the lateral £anks form bundles at the ends of the cell body and are retracted into the cell body cortex. The interaction of myosin and actin around the cell body leads to tension development, which maintains cell body shape, and to a component of force (F) that drives the translocation of the cell body, involving its rotation. Force diagram indicates that the lateral components of F cancel each other, and a net forward component remains. At the base of the lamellipodium, the depolymerisation of the trailing ends of lamellipodium ¢laments and of ¢laments within the cell body replenishes the actin monomer pool. Reprinted from Anderson et al. [3] with permission of Rockefeller University Press.
to the theme that a lamellipodium supplies the ¢la-ments for forming or seeding bundled assemblies of actin ¢laments (Fig. 3) . The primary role of lamellipodia in growth cone migration is further underlined by the demonstration that the activation of Rac in neuroblastoma cells induces a dramatic outgrowth of neurites which is blocked by dominant-negative N17Rac, but not by dominant-negative N17Cdc42 [76] .
Microtubules as modulators of the actin cytoskeleton
The disassembly of microtubules is accompanied in ¢broblasts by a loss in cell polarity [79] and a reduced spreading rate [8, 35] and in neurites by the inability to grow [4, 83] . Microtubule disruption also abolishes the directional locomotion of leucocytes in a chemotactic gradient [49] . Microtubules have thus a profound in£uence on cell polarity and migration, processes primarily dependent on the actin system. Notably, the complete disassembly of microtubules is not necessary to induce these e¡ects; it su¤ces to inhibit only their dynamic instability. At concentrations of microtubule inhibitors that only block the dynamic excursions of microtubule ends, the net advance of ¢broblasts and neuronal growth cones is markedly reduced [44, 73] , and growth cones wander instead of steer at substrate boundaries [73, 14] .
How then do microtubules interface with the actin cytoskeleton to modulate its assembly and polarity? Collected ¢ndings with ¢broblasts suggest that microtubules exert their in£uence by modulating substrate contact formation. The ¢rst indications of such a link were provided by the ¢nding that an increase in stress ¢bre size and contractility accompanies microtubule disassembly [16, 46] . This result was dramatically con¢rmed in starved ¢broblasts, which lack stress ¢bres; microtubule disruption in this system caused the massive formation of focal contacts and stress ¢bres, an e¡ect that was shown to be mediated through the activation of Rho [18, 7] .
In a di¡erent line of investigations, a common colocalisation was noted in motile ¢broblasts between microtubule ends and vinculin-containing contact sites formed at the cell front [57] . This ¢nding was very recently pursued by studying living cells that had been co-injected with £uorescent tubulin and vinculin. In these studies it could be clearly demonstrated that such co-localisations are by no means fortuitous, but re£ect a direct and deliberate targeting of new contact sites by microtubule ends [37] (Fig. 5A) . That this spatial overlap of microtubules with contact sites re£ects a direct interaction was indicated by the further ¢nding that contacts in£u-ence the dynamics of microtubule ends that pass over them and can capture microtubules and stabilise them against depolymerisation by nocodazole [37] .
The targeting of early contact sites by microtubules cannot be steered by microtubules alone. Rather, it likely represents a cross-talk between the microtubule and actin cytoskeletons. Accordingly, we have postulated that single actin ¢laments emanating from early contact sites into the cytoplasm may become tethered to a nearby microtubule via a cross-linking protein, which would bind the microtubule and actin ¢laments in parallel. Several candidate proteins that bind to both microtubules and actin have already been described [22] . Growth of the microtubule would then occur in the contact site from which the actin ¢lament derived. We might expect that the microtubule then delivers a molecular cargo to the contact that in£uences its further development, a cargo most likely carried by microtubule motor molecules. This contact targeting interaction could then provide a means whereby microtubules exert their control on the actin cytoskeleton. By delivering components that regulate the stability and lifetime of contact sites, microtubules could determine the development of contact patterns and thereby the geometry of the advancing front of a cell.
For neurites, the modulation of contact sites by targeting could readily explain the mode of involvement of microtubules in growth cone steering [6, 74] . In this process, ¢lopodia and lamellipodia that lead the way become dominant over those that eventually retract (Fig. 5B) . Microtubules accumulate behind these leading processes [58, 73] and can penetrate into the base of ¢lopodia, or alongside them [26] . We contend that microtubule recruitment determines which ¢lopodia make longer term associations with the substrate and therefore become dominant. In agreement with this general idea, Varnum-Finney and Reichardt [77] have shown that the down-regu-lation of vinculin expression leads to a decrease in the numbers of stable ¢lopodia and a reduced rate of growth cone advance.
In terms of microtubule dependent polarity and guidance, the keratocyte is an enigma. This cell undergoes directional locomotion when its microtubules are completely depolymerised [19] or when their dynamics are blocked by taxol (Kaverina, unpublished observations). In rapidly moving cells, the microtubules do not penetrate into the lamellipodium (Kaverina, unpublished) and instead are tightly wrapped around the cell body ( [19] ; Fig. 5C ). This is hardly surprising in view of the fact that the cell body rolls continuously behind the lamellipodium during cell locomotion 3]. Only in regions where a lamellipodium undergoes retraction is microtubule penetration observed (Kaverina, unpublished) . The same regions of retraction exhibit elongated adhesion sites populated with vinculin (Anderson and Rottner, unpublished), indicating that there may be a link, even in these cells, between microtubules and substrate contacts. Prominent adhesion sites do occur in keratocytes at the £anks of the cell body in association with its asymmetry and these sites could be invaded and modulated by microtubules.
Conclusions and perspectives
Eukaryotic cells have the capacity to assemble actin ¢laments in di¡erent ways, to form cytoskeletal subcompartments with speci¢c functions. Lamellipo- The specific modulation of contact sites is necessary to sustain protrusion in one direction and is proposed to form the basis of polarity determination. (B) Neuronal growth cone: steering of the growth cone is proposed to be determined by the modulation, via microtubule targeting, of the stability of the substrate contacts formed beneath ¢lopodia. Those contacts that are targeted persistently (crosshatched) exist long enough to support the extension of lamellipodia and ¢lopodia in the same direction. (C) Keratocyte: microtubules in the moving keratocyte are mainly con¢ned to the rotating cell body. However, microtubule ends project from the £anks of the cell body into the region where contacts associated with the transverse bundles of actin are found. These microtubules may serve a function in regulating contact stability, but the keratocyte is also polar when microtubules are destroyed. See text for further details. LAM, lamellipodium; FIL, ¢lopodium; MT, microtubule; SF, stress ¢bre; CB, cell body; C, substrate contact. Open arrows indicate directions of movement. dia and ¢lopodia are required for motility, and stress ¢bres for anchorage. We here have presented ideas about how these subcompartments are generated. The lamellipodium is the primary site of actin polymerisation and of the generation of ¢lament bundles, microspikes or ¢lopodia. Microspikes, in their turn, can provide the foci required for the initiation of focal adhesions, leading to stress ¢bre formation. Thus, there is an apparent hierarchy in the assembly of subcompartments, from lamellipodia to ¢lopodia to stress ¢bres. In highly motile cells like keratocytes, only lamellipodia are expressed. Filopodia and microspikes are found in less motile cells, such as ¢bro-blasts and the neuronal growth cone, and are involved in the development of substrate anchorage. In this anchorage process, microtubules serve a modulatory function by in£uencing the stability of individual adhesions and, thereby, the polarity of the cell.
We have here neglected many aspects of actin cytoskeleton dynamics that deserve attention. For example, what determines the switch from protrusion to ru¥ing and to what extent is one or the other of these activities important for invasion and metastasis? What sort of contact structures are used in different situations and how is their formation regulated? And if microtubules play a role in contact genesis, what components do they deliver or remove from contact sites to modulate their stability? Clearly, signalling molecules of the rho-family play decisive roles. But rather than acting separately, these molecules likely synergise in di¡erent combinations to e¡ect the subtle changes in the actin cytoskeleton that make the di¡erence between static and motile as well as between normal and transformed phenotypes. The challenge for the future will be to sort out the ¢ne tuning of these processes.
